Abstract-In the study of Internet-based telerobot system, the aim is at human-machine integration and a BMI-based telerobot system over Internet is proposed using a new method of direct human-machine integration interface: brain-machine interface (BMI). The difference between this system and the traditional Internet-based telerobot system lies in that operators can directly control remote robots just by their thoughts. In traditional Internet-based telerobot system, operators control robots by joysticks which cannot directly integrate their intelligent system into robot system and also cannot meet the special application requirements of hand unfit teleoperation. To realize such a system, the key problems such as the optimal design of cognitive tasks fitting both operators and operating robots, the adaptive real-time online parameters optimization algorithm for feature extraction and classification, as well as the methods for overcoming the adverse impacts brought by network time-delay on the stability, telepresence, and transparency of the system are discussed in the study, which provides both methods and algorithms for further study.
INTRODUCTION
In the traditional Internet-based telerobot system, humanmachine interface is realized mainly with the operator's hand operating the joysticks from the master side. Control commands are then sent over Internet to control the robot at the slave side to perform various tasks, as shown in Figure 1 .
There is no real sense human-machine integration in figure  1 , as the operator can not control a remote robot system by his thoughts directly. However, under special circumstances, such as rehabilitation of the disabled, care for the elderly, entertainment, unmanned machine for military application, as well as interactive control, the research on directly controlling the robot system to execute various tasks with the operator's Figure 1 . Telerobot system based on human-machine interaction thoughts has significant value both in scientific research and application.
In recent years, scientific progress and technological innovation provide more and more new ideas for the research and application of robots. For example, a new direct humanmachine interface, called brain-computer interface (BCI) or in more general sense brain-machine interface (BMI) has made amazing progress, which some world-renowned research groups have done much research on both animals and humans [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The U.S. Defense Advanced Research Projects Agency invested 24 million dollars in launching a brainmachine interface program for various researches on thoughtscontrolled robot. The ultimate goal of this program is to create a kind of machine warrior completely controlled by thoughts or a new kind of unmanned aircraft. In July 2006, Nature reported that the research group led by John Donoghue at Brown University implanted a microelectrode chip into a quadriplegic's cerebral cortex. There were about 100 electrodes distributed on the chip, and the signals collected by the chip were processed by an external computer. Almost without training, the patient with implanted chip could learn to control the movement of a computer cursor just by thoughts [12] . In 2006, the research group led by Shangkai Gao, at the Institute of Neural Engineering, Tsinghua University, successfully conducted a test: two students wearing electrode cap used their thoughts to control two robot dogs to play football on the carpet, as showed a successful EEG-based Brain-Machine Interface system [13] . In 2008, Dr. Miguel A. L. Nicolelis, a neuroscientist at Duke University completed a long-distance experiment: recording the brain activity signals of a monkey walking on a treadmill in the United States, and then using the signal via Internet to remotely control a robot synchronously walking in Kyoto, Japan [14] . It is hoped that such research can eventually allow humans to directly control machines by thoughts, eliminating various inconvenient manual manipulation of devices.
With the development of Brain-Machine Interface (BMI), a novel concept called BMI-based Robots comes into being, which uses BMI to realize human-machine interaction, as shown in Figure 2 . Therefore, BMI-based Robot is a new kind of intelligent robot and thus effective human-machine interaction will significantly improve the intelligence and flexibility of robot. The organization of the paper is as follows. In section II, The architecture of BMI-based telerobot system over Internet is presented. Section III details the key technologies of BMIbased telerobot system over Internet. Preliminary experiment and conclusion is in section IV and V respectively.
II. THE ARCHITECTURE OF BMI-BASED TELEROBOT SYSTEM OVER INTERNET
Based on the above BMI research results, we introduce the BCI technology framework [15] to the network teleoperation system framework [16, 17] . This technology can directly send control commands over Internet to the robot at the slave side to complete the desired tasks by the operator's thoughts, which can meet the needs of specific research and application. In this way, we may realize real human-machine integration. The BMI-based network telerobot system is shown in Figure 3 .
The BMI-based network telerobot system shown in Figure  3 is consisted of three major subsystems: the BMI subsystem at the master side, the network (such as Internet), and the robot subsystem at the slave side.
BMI subsystem at the master side is composed of the following components:
• Signal acquisition including electrode system for collecting the EEG signals corresponding to specified mental task and amplifier for amplifying the weak EEG signal;
• Signal processing including artifact processor for removing the artifacts and signal enhancement etc;
• Pattern cognition for acquiring feature, including signal enhancer, feature extractor, and feature selector and for classifying the type of mental tasks, including feature classification and classification post-processing;
• Motion control interface for generating control instructions and fusing feedback signal and realizing control algorithms at the master side;
• Feedback display for forming a bio-feedback loop with real image and virtual reality;
Network can be a private network with fixed time-delay or the Internet with variant time-delay, whether wired or wireless. Robot subsystem at slave side includes robot body, controller, sensor system, camera system, and image server.
The input of the BMI-based network telerobot system is the EEG signal induced by the operator's intent, and the output is the behavior of the robot. The BMI subsystem converts EEG signal into control commands and then transmit the commands through a network with time-delay. To allow the operator to change his (her) thinking strategies (corresponding to changes in EEG) to control the robot to effectively complete tasks according to the situation, closed-loop feedback is introduced, which can enhance the operator's telepresence significantly. Also, the system transmit information such as the position, velocity, force and some other environment information of the robot through network, which can act on the operator's visual and auditory organs .
III. THE KEY TECHNOLOGIES OF BMI-BASED TELEROBOT SYSTEM OVER INTERNET
Practical BMI-based network telerobot system requires that BMI subsystem can accurately real-time transform mental tasks into control instructions. Also, the control interface at the master side and the robot system at the slave side should take effective measures to overcome detrimental impacts brought by network time-delay on the stability, telepresence, transparency, and operability. These two aspects will be discussed in detail below.
A. Key technologies for BMI subsystems
The key for BMI subsystem lies in:
• According to the task which operators control the robot to accomplish, metal tasks that can induce more easily identifiable EEG signals and fit for the operator should be designed. The follow-up algorithm will be more simple, rapid, and accurate if EEG signal feature is more obvious and the difference between different mental tasks is larger. • According to the characteristics of EEG signals generated above, designing real-time feature extraction algorithm with online adaptive parameters. The features extracted by feature extractor must be the ones that can characterize and distinguish EEG signals induced by different mental tasks. Feature extractor must be fast enough to meet the requirements for realtime. Also, the parameters of feature extractor can adapt to the changes of EEG signal, as many reasons such as individual difference, mental state changes and biofeedback, can cause changes in EEG signals [18] .
• According to the nature of the sample characteristics obtained above, designing real-time online parameters adaptive classification algorithm. The speed and accuracy of the feature classifier must be high enough. Further more, the parameters even type of classifier will be able to be changed on-line to adapt to the changes of the sample nature.
The ways to solve the key questions will be explored by both experiments and simulations for a BMI-based network tele-soccer robot system as below.
1) Optimal Design for Mental Tasks
In our system, the operator's task is to control soccer robot's movements based on BMI to complete specified tasks over Internet. The needed movement types are shown in Table  I . Five movement types of the soccer robot means that we have to design five different mental tasks, which can produce EEG signals corresponding to different patterns. To design a good paradigm producing EEG signals needs innovation. Also, we can make use of paradigms that have been used in other situations. There have been many mental tasks that produce specific EEG signals after many yeas of BMI development, which can be divided into ones that produce evoked EEG signals and ones that produce spontaneous EEG signals.
Evoked EEG potentials includes signals such as
• Visual evoked potential (VEP);
• Steady-state visual evoked potential (ssVEP);
• Auditory evoked potential (AEP).
They all have the following characteristics:
• Don't need training;
• Have obvious characteristics in time, space or phase; 
• Feature extraction is relatively easy and has high accuracy.
However, this situation needs a structured environment, forcing subjects to synchronize with external stimuli.
Spontaneous EEG includes the following ones [19]:
• Potentials induced by mental tasks;
• Potentials relative to imagined movements;
• Slow cortical potentials;
• Event-related desynchronization (ERD) and eventrelated synchronization (ERS) ;
• Some other rhythm signals.
Spontaneous EEG signal is a more natural and practical choice, which depends on the operator's spontaneous mental activity. However, it requires specific tasks that need a lot of training to produce specific EEG patterns. In addition, spontaneous EEG is influenced by subjective factors such as emotional, fatigue, and attention. Therefore, feature extraction becomes difficult and the classification accuracy is not high.
EEG patterns used in our study are induced by imagined movement and mental tasks, because this approach can produce EEG with distinctive rhythm, which is useful for feature extraction and classification. It can also represent real direct human-machine integration while user can direct control the robot just by thoughts. Imagination mostly used including movements of left and right hands, feet, and tongue, as well as arithmetic operations.
2) Adaptive real-time online parameter optimization algorithm for feature extraction and feature classification
In a BMI-based network telerobot system, feature extraction and feature classification is the most central and critical component for the BMI subsystem at the master side. However, EEG signals are very strong non-stationary random signal, nonlinear and chaotic, as it is the overall characteristic of numerous non-linear neural networks. All these reasons contribute to EEG signal processing more difficult than others, which makes it become one of the difficulties and hotspots for worldwide scholars. In addition, factors such as low spatial resolution of scalp EEG, the weakness of the signal, the complex background noise, the low signal to noise ratio, lead to difficultly extracting useful information from EEG. So, designing a good BMI signal processing algorithms based on scalp EEG becomes very difficult and faces great challenge. In the past decades, much works focused on decoding for scalp EEG has been done [18] . We have studied the adaptive realtime online parameter optimization algorithm for feature extraction and feature classification used for BMI-based network telerobot system. • Wavelet Transform （WT);
• Wavelet Packet Decomposition （WPD);
• Independent Component Analysis （ICA);
• Hidden Markov Model（HMM);
• Chaos and Fractal Theory.
Every method has its own advantages and disadvantages. There is no fixed standard optimum method for specific application. In the study of BMI-based network telerobot system, taking full account of EEG characteristics such as timevarying, non-stationary, we choose time-frequency analysis to process EEG signal to overcome defects brought by traditional methods of extracting features only from time domain or frequency domain respectively. This method combines both time domain and frequency domain analysis, so it has the ability to better reflect the essential characteristics of EEG. In consideration of individual differences and EEG changes caused by brain-machine interactive learning to adapt each other when biofeedback is introduced, the parameters of signal processing algorithm, such as time window, filter bandwidth and feature dimensions must be properly changed to adapt to EEG changes. In other words, we need adaptive machine learning algorithms that can real-time update feature extraction parameters [18] . So we choose wavelet packet decomposition, which is used for time-frequency analysis, as a principal method to optimize feature extraction.
Orthogonal wavelet transform has a time-frequency distribution that features big frequency window for small-scale signal and small frequency window for large-scale signal. This distribution conforms to nature signal, which makes it suitable for analysis on any scale signal. However, in the application of EEG feature extraction, we often pay more attention on signal of specified time period or/and specified frequency band, and hope to maximize time and frequency resolution of the specified signal. In such a situation, orthogonal wavelet transform with fixed time-frequency window is not an optimal choice, because multi-resolution decomposition for orthogonal wavelet transform only decomposes V (scale) space, namely 
Mean wavelet packet coefficient can be calculated as
Sub-band energy can be calculated as
is wavelet packet decomposition coefficient of the j-level at the k point. Mean wavelet packet coefficient and sub-band energy can represent different information of EEG signal, which can be used as feature either individually or combined. In our study, we combine features as feature vector for final classification.
b) Adaptive real-time online parameter optimization algorithm for feature classification
In the BMI-based network telerobot system, BMI feature classification at the master determines relations between EEG signal and types of imagined movement and mental task. Typical feature classification methods used in BMI include:
• Linear Discriminant Analysis (LDA)'
• Artificial Neural Networks (ANN), such as MLP, BP and SOM, etc;
• Support Vector Machine (SVM);
• Genetic Algorithm (GA);
• Common spatial patterns (CSP);
• Decision Tree (DT).
All the above methods have their own advantages and disadvantages, and there is no fixed standard optimal method, just as the situation for feature extraction. In our research, taking full consideration of possible changes in EEG patterns, Support vector machine (SVM) is a new machine learning method put forward by Vapnik on the basis of statistical learning theory. Based on VC dimension theory of statistics and structural risk minimization theory, SVM can ensure that machine learning have a good generalization ability, and can solve practical problems such as small amount of samples, nonlinear, high dimension and local minimum points. It has become the hotspot of machine learning, and has been successfully applied to classification, function approximation and time series forecast.
For two class linear separable problems, a hyperplane is called as an optimal hyperplane when it can separate two types of sample set and has a maximum margin between optimal hyperplane and support vectors, as shown in Figure 5 .
For the classification of linear inseparability, assuming a nonlinear mapping
can map samples in input space to high dimensional feature space H , which makes the linear inseparability problem becomes linear separable. Finding the optimal separating hyperplane by the quadratic programming algorithm only involves operation of inner product between training samples:
Mercer condition, it corresponds to an inner product in a transform space: From what has been discussed above, we can conclude that designing BMI subsystem is actually an optimization process. Every part of the system should be optimized successively. The optimization for the front part of the system has a huge impact on the design of the follow-up part and all the parts have close interdependence with each other. Therefore, it is difficult to increase the overall performance by optimizing only one part of the system. Methods for BMI signal processing reported previously were often focused on raising the correct recognition rate, took less consideration into the complexity of the algorithm, and ignored requirement for rapid. Paying attention to optimizing individual link instead of the system's integrity makes BMI system difficult for practical application. So, merging and integrating the existing various methods or designing new algorithms is a good way for BMI signal processing. In the process of developing a prototype system, a large number of experiments will be done to optimize every part of the system to obtain every optimal parameter and to make the BMI system a practical one.
B. Key technologies for telerobot subsystem
There is no doubt that telerobot system that performs a variety of tasks through network has great application prospects. However, due to distance across network and time delay, especially random delay introduced, there are many difficult obstacles for the design and realization of a control system over network. The correct control strategies can not be made in real time because subjects are at the master side instead of the slavery side and can not real-time correctly perceive field information,. The delay of subject's control commands and field feedback information exerts adverse effects on stability, telepresence, transparency and operability for the system. BMI-based network telerobot system should also overcome the problems above, as well as the time delay caused by low BMI information transfer rate, as shown in Figure 6 .
1) Network Delay Characteristics
The key problem to be solved first for telerobot system is to study the law of network time delay. In our system, telerobot system is based on Internet. Data communication on Internet is processed according to packet transmission protocols. When data is received and relayed by a switch to next switch, time delay occurs. In addition, packet routing can affect packet switching and treatment strategy for the nodes, which make communication delay on Internet to become a random variable. Data transmission rates on Internet also vary dramatically with margin support vector support vector optimal hyperplane Figure 6 . The time-delay of the system data size and network load, as leads to problems such as uncertain time-delay, large time delay, packet loss, and so on. According to delay distribution, the variable time delay can be converted into a fixed time delay or be estimated and predicted.
2) Methods to ensure system stability and robustness
So far, researchers have proposed many methods to overcome network time delay and ensure the stability of the system, major ways are as follows:
• Passivity-based control theory [20] ;
• Event-based control method [21] ;
• Methods based on modern control theory, such as fuzzy sliding mode control and robust ∞ H control;
• Control method based on virtual reality.
According to passivity-based theory, the system is stable under the condition of passivity for both the master and slave side of teleoperation system, even in the case of randomly varying time delay [20] . However, the excessive demand on stability is at the cost of the transparency of the system. Eventbased control method does not depend directly on time, so the stability of the system is independent of system delay. The key of the method is to find a suitable non-time parameter variable for the system. As to methods based on modern control theory, the theory itself needs to be improved, and it is more difficult for practical use. Method based on virtual reality technology is an effective way to make the system stable and has a good maneuverability, but it is complicated for realization and needs large amount of calculation. The system should have the ability of self-learning that can learn the experience of the operator's operation, which is assistant for the operator to operate and control the system. In our system, the remote robot has some autonomy to ensure the reliability, at the same time using the bilateral probability prediction control method.
3) Methods to improve the system presence, transparency and operability
On the basis of stability, using human-machine interaction technology of multi-sensors and multi-information fusion improves system telepresence, transparency and operability as much as possible. In our system, biofeedback signal including real-time field images from remote robot as well as the fusion for the robot position, velocity and force sensor information can be perceived by subjects and impacts subject's mental state. In addition, the controller at the master side can predict operator's command sequence.
IV. PRELIMINARY EXPERIMENTS

A. Experiment on telerobot subsystem
Much works about the telerobot subsystem have been done by our group. In [22] , statistical properties of the Round Trip Time delay (RTT) are investigated. We construct a sparse multivariate linear regressive (SMLR) model for the RTT processes based on experimental results that indicate:
• RTT along a certain path in the Internet can be modeled by a shifted Gamma distribution;
• RTT between two fixed Internet assess points has longrange autocorrelation.
The model proposed can predict exactly the next RTT to improve the performance of the Internet-based teleoperation system.
B. Experiment on BMI subsystem
EEG signals were collected from 4 healthy volunteers during imagination of six tasks that involved three limbs (left and right index finger and right toe )and two speeds (fast and slow) and each task repeated 40 times in random order. In a single trial, periodic fast or slow motor imagination was executed. EOG and EMG signal were eliminated by independent component analysis (ICA).Grand average eventrelated potentials (ERPS) were filtered 2Hz cut-off frequency by IIR filter to extract slow potentials and compared between fast and slow. Periodic slow motor imagination invoked more positive slow potentials LPC (late positive component than fast motor imagination that reflected a specific late component related to move-imaging processing (MILC). Executing periodic fast and slow motor imagination of left and right index finger and right toe during a single trial is a new mental control strategy paradigm. The result of experiment research may be very important. This may provide an alternative feature pattern for Brain-controlled robots (BCR) based on fast and slow motor imagination.
In further experiments, we will extend offline analysis to online analysis in order to verify the proposed system actually works and improve its performance.
V. CONCLUSION
Brain-machine interface is a new way of direct humanmachine integration, and brain-machine interface robot is a new concept of robot. In this paper, a BMI-based network telerobot system is proposed as a new network telerobot mode, in which the operator can perform various tasks by directly combining his thoughts with the adaptability of artificial intelligence robot. Five robot motion states are realized by different EEG patterns induced from imagined movement and thoughts in our system. Taking full account of the nonstationary and random characteristics of EEG, wavelet packet decomposition is used for feature extraction, and support vector machine is used for classifying operator's intention with small samples in nonlinear high dimensional feature space. While remote robot has some autonomy, bilateral predictive control method is used to overcome network delay and a variety of biofeedback signals are used to change mental state and improve telepresence. Our future work is to solve the coupling relation between BMI subsystem and network telerobot subsystem in line with ergonomics, as well as enhance security, amenity, and dexterity.
